Recent figures from the World Health Organization (WHO) indicate that almost 33.2 million people are living with HIV infection worldwide, and over two-thirds of infected individuals are present in developing countries with limited resources (FIG. 1) . In the region that has been hardest hit by AIDS -sub-Saharan Africa -the prevalence rate of HIV infection is 39%, yet only 17% of the HIV-infected individuals in this region had access to life-saving antiretroviral (ARV) therapy in 2007. Globally, more than 50% of those infected with HIV are women. Furthermore, recent reports from the WHO state that 1,800 babies are born with HIV every day because their mothers cannot access the necessary drugs or healthcare treatment. It is predicted that between 2008 and 2010 there will be 45 million new infections in resource-constrained and middle-income countries if no additional preventative methods are introduced.
T cells, which play a vital role in the regulation of the immune response. HIV specifically targets and binds to the CD4 antigen and chemokine receptor 5 (CCR5) or CXC chemokine receptor 4 (CXCR4) on CD4 + T cells to replicate, ultimately causing the destruction and deterioration of the immune system. The monitoring of CD4 + T cells during the course of HIV infection is therefore a crucial component in the monitoring of disease progression and the response to ARV therapy.
Over the past 25 years there have been major technological advances in the ways that CD4 + T cells are enumerated, with flow cytometry now generally regarded as the predicate technique. During this period, flow cytometry has progressed from large, expensive and complex fluorescence-activated cell sorting (FACS) machines that require highly specialized operating personnel, to smaller, more affordable bench-top instruments that can be used by individuals with minimal training. This shift was made possible in part by including multicolour analysis coupled with simplified gating technologies. More recently, several low-cost, point of care, micro-diagnostic technologies have been developed for use in rural settings, however, full validation of these technologies is still awaited.
In many resource-constrained countries, including countries in sub-Saharan Africa, the cost of flow cytometers has prohibited the routine use of CD4 monitoring. However, the pressure of the AIDS pandemic has stimulated significant advances in the development of lower-cost methods for flow cytometry. This article will focus on flow cytometry as it relates to CD4 enumeration to determine the initiation and monitoring of ARV therapy.
The early years of the HIV epidemic
In 1981, independent research groups in New York and California published reports of a high incidence of Pneumocystis carinii pneumonia (PCP) and the development of Kaposi's sarcoma (a relatively rare skin carcinoma) in men who have sex with men [1] [2] [3] . It was soon ascertained that affected individuals were immunosuppressed and that this immunosuppression resulted from a reduced percentage and absolute number of helper T cells (now defined as CD4 + T cells). These findings stimulated scientific teams around the world to search for the causative agent [1] [2] [3] [4] [5] . Two years later, it was determined that this immunosuppressive disorder was caused by a retrovirus that is now known 6, 7 . HIV was found to specifically target and destroy CD4 + T cells 8 and the destruction of these cells correlated with the onset of AIDS. The development of PCP, the most common opportunistic infection associated with AIDS, usually occurred at a CD4 count <200 cells per µl 9 . It thus became obvious that the development of methods to monitor this decline would be extremely important.
It is interesting to note that the emergence of the need to monitor the percentage of CD4 cells and the CD4 count coincided with improvements in computer miniaturization and processing power and the development of monoclonal antibodies 10, 11 . In the early 1980s, monoclonal antibodies were being introduced into clinical laboratory practice as tools for use in leukaemia diagnosis 12 . The use of antibodies that were specific for T-cell antigens was crucial for monitoring of HIV/ AIDS patients. The proliferation of computer usage in industry and science, coupled with the simultaneous development of smaller bench-top flow cytometers, meant that this crucial combination of technology and medical science allowed the identification of individuals who had reduced or declining numbers of CD4 + T cells, and the enumeration of these cells quickly became one of the cornerstones of HIV/AIDS monitoring 13, 14 .
Flow cytometry
In 1954, Wallace Coulter developed an instrument that could measure cell size and count the absolute number of cells 15 , and thus the discipline of flow cytometry was born. Further developments enabled the production of instruments that could measure cell size and nucleic acid content using a two-dimensional approach that compared light scatter and light absorption 16, 17 . These instruments were cumbersome and required specialist operators, but immunologists began to use them to investigate the functions of immune cells. The HIV pandemic, it could be argued, greatly influenced the way these instruments were viewed, as they made the transition from being used primarily as research tools to being used in diagnostic testing at clinical facilities. by the mid-1980s, bench-top flow cytometers were available and as the technology advanced the instruments became progressively smaller. Coupled with the availability of monoclonal antibodies, the increasing number of available fluorochromes (compounds that emit light at a greater wavelength than the light source they are excited with) and computer improvements, flow cytometers are now accessible for almost every clinical laboratory.
Flow cytometry enables the examination of microscopic particles (such as cells) that are suspended in a stream of fluid which is termed sheath fluid. This fluid is focused hydrodynamically such that the cells flow in single file through a flow cell in which a beam of light (usually a laser) is focused. As the cells pass through the laser beam they scatter the light so that forward scatter (FSC) and side scatter (SSC) light is captured; this enables the size and granularity of the cells to be determined. In addition, if a cell is labelled with antibodies that carry a fluorochrome, as the cell passes in front of the laser beam the fluorochrome emits light at a wavelength that is higher than the single wavelength light source and which can be detected by fluorescent detectors. The flow cytometers that are in clinical use can analyse at least four fluorochromes simultaneously, in addition to the FSC and SSC. This is known as multiparametric analysis. The information that is generated is computer analysed so that specific analysis regions (known as gates) can be created, which allows the user to build up a profile of the size, granularity and antigen profile of the target cell population (FIG. 2) .
The fundamental basis of CD4 counting and identification relies on the specific use of electronic gating approaches. One of the earliest and most popular approaches that was used from the mid-1980s to early1990s relied on using light scatter and anti-CD45 and anti-CD14 monoclonal antibodies. This gating approach was termed the two-colour approach. using the FSC and SSC characteristics of leukocytes as they passed through the laser beam enabled distinct leukocyte populations to Anti-monoclonal CD4 CD8 antigen be identified. An appropriate lymphocyte analysis region was defined when these parameters were combined with the use of anti-CD45 antibodies while the monocyte contamination within the analysis region could be calculated when these parameters were combined with the use of anti-CD14 antibodies. A second tube contained two antibody classes and isotype controls, matched to the test antibodies that were in the subsequent tubes (anti-CD3 and anti-CD19, anti-CD3 and anti-CD4, anti-CD3 and anti-CD8 and finally anti-CD19 and anti-CD16/ CD56) 18, 19 . This panel of antibodies formed the basis for the Centers for Disease Control and Prevention (CDC) consensus panel that, at the time, was believed to provide the optimum approach for quality monitoring purposes, but by today's standards is overly complex and expensive. A second major problem was that this approach relied on the use of either the total leukocyte count or the total lymphocyte count to determine the absolute lymphocyte subset count, an approach which has inbuilt error 20, 21 . One major disadvantage of such a gating strategy is that as the sample deteriorates over time, the level of nonlymphocyte contamination increases and thus samples that are more than 36 hours old are often difficult to analyse 22 . More recently, techniques such as PanLeucogating technology (see later) have overcome the issue of sample aging 23 . This is particularly relevant in regions of the world where there are delays in transporting the sample from the collecting site to the central or higher-level reference laboratory where the CD4 assay is carried out.
In the early-1990s researchers realized that because of these logistical problems, new technologies would need to be developed to reduce processing time while providing accurate CD4 counts. Two new gating strategies were developed almost simultaneously, one termed CD45 gating and the other T gating, both of which helped to more accurately identify the lymphocyte analysis regions 24, 25 . A unique development was the introduction of an anchor marker, which is a marker that remains consistent through every analysis tube to enable the operator to obtain an accurate and consistent gate check between all analysis tubes 24, 25 . Researchers soon realized that a further advantage of the anchor marker was that it also enabled the analysis of blood samples for longer periods post-phlebotomy than previous gating strategies. A recent study has shown that using CD45 anchor gating, samples can be analysed for up to five days postphlebotomy 24 , thus enabling samples to be transported over longer distances before analysis 22 .
CD4
+ T-cell monitoring and HIV ARV drug regimens suppress HIV replication. The timing and initiation of such therapy is therefore important because if left untreated, HIV infection is ultimately fatal in nearly all cases. Currently, monitoring of CD4 + T-cell counts has become a crucial indicator of when to initiate ARV therapy, but no universal consensus has yet emerged, with some groups recommending that treatment should be initiated when the count is <200 CD4 
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+ T cells per µl and still others suggest starting highly active antiretroviral therapy (HAART) at counts of >350 CD4 + T cells per µl [26] [27] [28] [29] [30] [31] [32] [33] [34] . However, it should be stressed that a low CD4 + T cell count should not be used as an indicator of HIV infection, and therefore an indicator for the commencement of ARV therapy, without evidence of HIV infection. Currently, nearly 3 million people are receiving ARV therapy in low-and middle-income countries, according to a new report from WHO, the Joint united Nations Programme on HIV/AIDS (uNAIDS) and the united Nations Children's Fund (uNICeF) 35 . More significantly, the price of ARV therapies has fallen by up to 53% in developing countries in recent years. The average annual cost of a two-combination approach (a fixed-dose combination of Zidovudine and Lamivudine plus a single dose of efavirenz), was uS$403 per person in 2007, according to Médecins Sans Frontières 36 . Although the cost of ARVs has fallen, increased access to treatment has raised the question of how the therapeutic efficacy should be monitored. While a patient is receiving ARVs, it is important that they are monitored to identify drug toxicities and to assess their degree of adherence. Patients who fail to adhere to prescribed ARV doses are at risk for developing antiretroviral resistance 37, 38 . Problems with adherence are detected by self-reporting, pill counts and by therapeutic drug monitoring or by careful monitoring of the viral load and the general CD4 trend. It is crucial to monitor CD4 levels in HIV-infected patients over the course of the disease (with 3-6 monthly intervals generally being within accepted good practice guidelines in the developed world) to determine when to initiate ARV therapy and prophylaxis against opportunistic infections. However, although access to treatment for HIV-infected individuals is headline news, the regular laboratory monitoring of such treatment receives little or no attention.
The effect of ARV therapy on the CD4 + T cell population is now well documented, with current regimens significantly increasing CD4 counts, as well as increasing the life expectancy of infected individuals by several years [39] [40] [41] [42] [43] [44] [45] [46] [47] . The usual monitoring approach is to measure viral load (HIV RNA levels) and/or the absolute number of CD4 + T cells. It is this monitoring phase that is problematic in resource-constrained settings, particularly in under-developed countries where few laboratories are equipped with the appropriate technology and the transport infrastructure is poor. Patients often have to travel long distances for blood tests for monitoring because viral load measurement and, until recently, flow cytometric analysis to provide CD4 counts could only be effectively undertaken at specialist centres. Therefore, the HIV pandemic has raised a number of significant issues that, although less relevant in developed countries, are major issues in countries with limited resources. As stated earlier, increasing the availability of ARVs in countries with limited resources has been given primary consideration by many organizations. However, relevant planning and implementation of the laboratory monitoring phase must also be taken into consideration.
One important aspect of CD4 monitoring is that not only do the reference ranges within a country or population need to be determined, but the cut-off points for the initiation of ARVs and opportunistic infection therapy also need to be defined. Age-adjusted variations in lymphocyte populations have been demonstrated in several studies [48] [49] [50] and have been described in detail by Richard Stiehm 51 ( Table 1 ). In the united States, the normal level of CD4 + T cells in adults averages around 1,000 cells per µl, but can range from approximately 450 to >1500 cells per µl 52 . When an individual's CD4 level is 200 cells per µl, a patient is diagnosed as having AIDS 19, 53 . At this point, there is a high probability that AIDS-related opportunistic infections and neoplasms will manifest 5, 54, 55 . The CDC recommends initiating prophylaxis against opportunistic infections when CD4 levels are <200 cells per µl 56 ( Table 2) . However, there is variation in the reference ranges between more-developed and less-developed countries, with this variation reflecting several issues, including the HIV disease burden and spectrum in the population under study; the prevalence of endemic coinfections (such as tuberculosis); nutritional status; and, equally as important, the capacity and infrastructure of the health systems concerned 57 . Developing countries might choose to adopt a universal option to initiate prophylaxis against opportunistic infections depending on the level of access to healthcare. A universal option recommends primary initiation against opportunistic infections when an HIV-infected individual's CD4 count falls below 350 cells per µl in any WHO clinical stage 57 . When a CD4 count is not available, the WHO clinical staging system can be used to determine when prophylaxis against opportunistic infections should be initiated (box 1). expanded access to CD4 testing is encouraged to guide the initiation of ARV therapy and monitor its progress 57 .
It should be noted that the decline in the CD4 count varies between patients and that the plasma viral load is a strong predictor of the rate of CD4 decline and progression to AIDS or death 58 . Some patients, from the point of infection, have a very rapid decline in the CD4 count to <200 cells per µl in less than two years (rapid progressors) whereas in other individuals in whom the decline is slower (slow progressors), the CD4 count can take as long as 15 years to fall below this level 13, 59, 60 . More recently, the rate of CD4 decline in the cohort analysed by the Multicenter AIDS Cohort Study shows a slope of -0.010 cells per µl per year when measured three years after seroconversion 61 . A reduction in the CD4 count can also be idiopathic with no determinable cause; therefore a low CD4 count does not necessarily indicate the onset of AIDS 62, 63 .
The need for low-cost CD4 monitoring
The HIV pandemic affects most of the world, but it has a significantly greater adverse effect in sub-Saharan Africa where healthcare resources are limited and many individuals cannot afford treatment. In addition, as already mentioned, patients might have to travel long distances to receive treatment. These factors affect the frequency of CD4 + T-cell monitoring and can delay or even prevent ARV initiation. Timely monitoring of the CD4 count in HIV-infected patients in resource-constrained settings demands the development of simple, low-cost, accessible, reliable and accurate CD4 enumeration techniques. These techniques can be categorized in three ways: gating and counting strategies that can be applied to existing bench-top flow cytometers within centralized laboratories that can drastically reduce costs; small and less technically demanding flow cytometers that can be installed in clinics [64] [65] [66] ; and non-flow cytometric methods that can provide rapid results without the need for expensive equipment or even electricity [67] [68] [69] . Although unproven as yet, some of these advances might permit point-of-care CD4 testing where the results can be obtained in a rural clinic setting.
Some fundamental issues are central to the implementation of these technologies. First, they must identify and monitor the CD4 count precisely and accurately. The traditional approach of calculating absolute CD4 counts is to use the total leukocyte (or lymphocyte) count obtained from a haematology analyzer and then use the percentage of CD4 + T cells (as a percentage of total leukocytes or lymphocytes) from a flow cytometer to calculate the absolute values -the so-called 'dual platform' (DP) approach 55 . Often, however, two separate samples that are collected in the same anticoagulant are used -one is used to obtain the total leukocyte or lymphocyte count and the other is used to obtain the percentage of total lymphocytes from the flow cytometer, and each has its own inbuilt variation. Thus, when the results from each sample are combined to determine the absolute CD4 count the variation is compounded such that inter-laboratory variation between two centres can be as high as 40% 20, 21 . The effect that haematology analyzers have on the resulting CD4 count was illustrated by Robinson and colleagues 21 , with these findings being confirmed by external quality assessment (eQA) studies undertaken by the united Kingdom National external Quality Assessment Scheme (uK NeQAS) for Leukocyte Immunophenotyping 20, 70 . This could effectively lead to the introduction of different treatment decisions between centres. Thus, the need to derive accurate and precise absolute CD4 counts has led to the development of instruments that can produce both percentage and absolute values, termed the 'single platform' (SP) approach 71 . Two SP approaches are in widespread use today: volumetric and bead-based. The principle of the volumetric approach is that a known volume of sample, usually delivered by precision fluidics (for example, by a Hamilton syringe), is passed through the flow cell and laser beam for analysis. In the bead-based approach, a known number of beads is added to a known volume of sample, thus allowing the bead to cell ratio, and subsequently the absolute cell count (in this instance the CD4 count), to be calculated 53, [71] [72] [73] [74] [75] . However, an important feature of any absolute counting system is pipetting accuracy and minimum sample manipulation. As such, a lyse no-wash approach in which red blood cells are selectively lysed is used in most absolute counting methods, but a no-lyse no-wash approach is the preferred option 71, 76 . It is the latter approach that forms the basis of one such system that has been specifically designed for use in resource-constrained countries 64 . The introduction of SP technologies has been beneficial and has lowered inter-laboratory variation in comparison with dual platform (DP) approaches. uK NeQAS for Leukocyte Immunophenotyping, an immune monitoring proficiency testing programme, monitored the inter-laboratory variation of participating laboratories over an 11-year period. The data showed that SP technology gave a lower inter-laboratory coefficient of variation (CV) than the DP approach. It is this variation that will potentially impact on patient treatment decisions, and thus its reduction through the introduction of improved technologies will in turn benefit patient care. This analysis also provided data on the error that is encountered in clinical testing 77 . For example, when a CD4 count of 200 cells per µl was expected, the actual reportable range was 167-233 cells per µl, a relative error of 16%, which increased to 29% at 47 cells per µl but decreased to 14% at approximately 500 cells per µl 78 . uK NeQAS for Leukocyte Immunophenotyping therefore reasoned that if SP techniques have lower interlaboratory variation, the error should be lower. This was confirmed when results from 48 consecutive eQA samples (equating to 10,626 data sets) from 180 international laboratories were analysed using SP and DP techniques. This revealed that at every CD4 + T-cell level, SP techniques had a lower measurement error, proving that SP techniques are more accurate and precise than the DP approach 79 . This should, in turn, result in better patient management. Furthermore, it has also been demonstrated that participation in an eQA programme improves inter-laboratory variation 80 , and that DP technologies are up to 2.4 times more likely to fail an eQA exercise for absolute counts than SP technologies 70 . As well as developing precise and accurate absolute CD4 + T cell counting strategies, there has been a need to develop improved gating strategies. It is well established that CD45 gating or double-anchor gating strategies are the techniques of choice in the developed world 17, 18 . However, the panel of antibodies used with such strategies encompasses the identification of all lymphocyte subsets (b, T and natural killer cells) and can be expensive. The rationale behind using such a comprehensive panel has been questioned in countries with limited resources where the CD4 count is the only lymphocyte subset parameter that is needed to monitor when to initiate treatment and treatment efficacy. In response to this controversy, an integrated primary gating strategy that was both robust and low-cost was developed 23, 72, 81 . This technique, known as PanLeucogating technology, offers a significant number of advantages for use in resourceconstrained settings: it is low cost as only two monoclonal antibodies are used; technical errors are minimized owing to its low complexity; and samples up to five days old can still be analysed by excluding non-relevant events such as debris platelets and monocytes 82 . The uK NeQAS for Leukocyte Immunophenotyping has shown that a gating technique such as PanLeucogating reduces the probability of failing their eQA programme by as much as 7.4 times when compared to other gating strategies such as FSC/SSC and CD14/CD45 gating 70 .
Quality control and proficiency testing
Training, education and quality control (QC), both internal QC (IQC) and eQA, are necessary to ensure accurate and precise CD4 counts. Proficiency testing programmes can regularly monitor the performance of laboratories that provide T-cell subset enumeration. evidence from eQA programmes now indicates that CD4 counts can be obtained with high precision, but the question of accuracy has always remained. The absence of any suitable reference preparation with a predefined percentage and absolute number of CD4 + T cells has hindered the identification of a reference technique. However, a potential solution to this problem might now be available. In 2000, a three-year european initiative was established that attempted to develop stabilized reference preparations for several flow cytometric applications that included CD4 + T cells 83 . The study concluded however, that because there is no internationally recognized reference analysis technique, the development of a reference preparation might be more problematic than first envisioned. Thus, only control preparations could be manufactured until an internationally agreed reference analysis technique is assigned. The fundamental difference between a reference preparation and control preparation is that the former contains an exact, predefined number of cells whereas the latter contains an expected range of cells. However, one key factor that emerged from the study was that a panel of stabilized whole-blood preparations could be manufactured that contained various levels of T-cell subsets. In 2004, uK NeQAS for Leukocyte Immunophenotyping and the Immunology Quality Assessment proficiency testing programme, which is based at Duke university, Durham, North Carolina, uSA, began a collaboration to develop a training panel of 20 stabilized whole-blood samples (containing single, duplicate and triplicate samples of defined CD4 counts) that could be used as a training tool. This approach will enable laboratories that are new to T-cell subset enumeration to evaluate their performance before testing patient material. In addition, it will help them detect where errors are occurring and act as a prequalification exercise before embarking on multicentre eQA exercises.
The future of CD4 testing ARVs are now becoming increasingly available in many countries and their use must be monitored effectively to determine the point at which to initiate therapy and also to identify those patients at risk of treatment failure because of drug resistance. The CD4 count and viral load testing are used for monitoring in developed countries. These tests provide crucial and independent evidence of disease progression and response to therapy. However, in resource-constrained countries it is difficult to provide viral load testing because of cost and other considerations. It follows, therefore, that the current practical solution to providing accurate and effective monitoring is by using the CD4 count. Ideally, because of potential specimen transportation issues, the newer CD4 counting technologies should be capable of being used at the point of care. Thus, in the past three or four years several new small flow cytometers have been developed. One key feature of these machines is that highly trained operators are not required, and the small size of the instruments generally enables their transportation and placement in lower-level laboratories, of particular value in resource-constrained countries 65 . Furthermore, because electricity can also be a problem in such areas, the newer platforms should also be capable of running on direct current or battery as well as alternating current. They should also be resistant to, or tolerant of, dust and high heat and humidity.
both existing and new instruments must be assessed and validated. To achieve this, and enhance the results obtained from clinical trials, standard guidelines should be implemented. There are two aspects to such guidelines: an outline of the strategies used to validate instruments (validation) and an outline of the procedures (standard operating procedures) that should be used by personnel when undertaking laboratory testing and CD4 counting. With the latter, national guidance documents are already in existence for developed countries such as those published by the CDC, the british Committee for Standardization in Haematology, and the Clinical and Laboratory Standards Institute [84] [85] [86] [87] . These documents outline the gating strategies, appropriate staining panels and the procedures that should be employed for enumerating lymphocyte subsets. However, it should be considered that such guidance documents were specifically written for developed countries and for the instruments that were available at the time of writing. More recently, the National Laboratory Standards Institute published guidelines that incorporate the use of the PanLeucogating approach but it does not specifically address the needs of resource-constrained countries. Although such documents can be easily adapted to address the needs of these countries, the bigger issue of having protocols and procedures that ensure existing and new instruments and technologies can be successfully validated must be urgently addressed. At this time, the lack of any internationally accepted reference preparation means that any validation process has to be undertaken at multiple international sites and thus might need to incorporate a tiered approach. For example, validation would begin at reference laboratories and then at lower-level laboratories where the test will be used. Validation protocols will need to address issues such as temperature stability, specimen stability for testing, transportation issues and their performance in eQA programmes. The latter is of particular importance because as most eQA programmes now use stabilized peripheral blood for performance monitoring it is important that new and existing instruments are capable of being effectively quality-assessed using such material 70, 76, 80, 82 . eQA validation protocols will need to be developed for the current technologies that are not compatible with stabilized whole-blood products.
The bill and Melinda Gates Foundation recently provided uS$8.6 million for an initiative based at Imperial College, London, uK that aims to develop a simple, affordable, robust and rapid test to measure CD4 + T cells in HIV/AIDS patients in resource-constrained countries. The initiative attempts to co-ordinate the collaboration of academia, industry and other institutions to develop such a test over a four-year period. It is such initiatives that are clearly urgently required to enable the routine monitoring of CD4 + T cells in individuals that do not have access to sophisticated western style health care. However, it should also be considered that with the introduction of any new technique, whether based on flow cytometry or simplified counting approaches, there should be appropriate guidance and quality monitoring systems in place. These should encompass national guidelines and incorporate internal QC and external QA measures to ensure that whatever the technique used to assess CD4 + T cells, the patient receives the most appropriate and timely treatment.
